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Summary
A suture assessment virtual reality system for microsurgical trainees was developed
to train and assess the suturing skill based on the quality of the virtual sutures.
This study uses the simulator to measure and compare the skills of four groups
of participants including experienced surgeons and naive subjects. Each subject
tried the experiment 30 times using five different types of needles to perform a
standardized suture placement task. Traditional metrics of performance as well as
new metrics enabled by our system were proposed by investigating the following
parameters: time to complete the task, distance traveled by tool tip, tremor and
smoothness of motion, tissue trauma, penetration and exit angle in needle tech-
nique, orientation change and total grasp number for each suture pass. We test
the hypothesis that the proposed parameters could be used to differentiate between
trained and untrained, as well as between young and old subjects, in a standardized
microsurgical suture placement task, using our virtual-reality microsurgery model.
In addition, we assess the effect of various needle shapes on performance.
Experimental results indicate difference between trained and untrained perfor-
mance. In all traditional parameters such as time, number of attempts and motion
quantity, the medical surgeons outperformed the other three groups, though dif-
ferences were not significant. However, motion smoothness, penetration and exit
angles, tear size areas and orientation change were statistically significant in the
trained group compared to untrained group. This suggests that these parameters
v
can be used in virtual microsurgery training. Also, results suggest that the nee-
dle shape affects the individual performance in both the trained and untrained
groups: the unconventional double radius needle and the 4/8 circular needle pre-
ceded other needles in causing more damage to tissue or requiring more time and
grasp to complete the task.
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1.1 Assessment of Microsurgical Skills
Microsurgery [1, 2] is a form of surgery performed with the aid of microscope on
small structures which needs miniaturized instruments such as micromanipulators.
Small blood vessels and nerves are examples of those small structures. Micro-
surgery is being widely used in several surgical specialties such as orthopedics,
hand surgery and plastic surgery, as well as neurosurgery, general surgery, urol-
ogy, otolaryngology and gynecology [3]. It is a complex procedure which combines
the unique challenge of processing complex visual information with fine motor ma-
nipulation [4]. Several training models and assessment tools are being used to
attain and verify competence in technical microsurgical performance and dexter-
ity. Obviously, acquisition of microsurgical skills requires training and practice and
it is necessary to have training and practice in order to master the microsurgical
techniques required in different experimental and clinical conditions [5, 6].
The assessment of surgical competence and dexterity have been broadly studied
in recent years [7–10]. The principles of assessment for surgical technical tasks are
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validity (whether the parameters observed correspond to the behavior observed in
real surgery) and reliability (how general assessment criteria apply across tasks and
people) [11].
Most senior surgeons assess the technical skills of the novice trainees by direct
observation without any criteria [10]. The reliability of this method known to be
poor as this way of assessment is case dependent and subjective. Without having
an agreement or conformation on the criteria to assess, the result from any two
senior surgeons on a same trainee can vary, showing a lack of reliability.
Direct observation with criteria, compared to the previous method is more
objective. Commonly, global rating scores and checklists are being used as as-
sessment criteria. In 1975, Harden et al. introduced checklists in the Objective
Structured Clinical Examination [12]. These made assessment more objective, and
are suitable for objective formative feedback in training [10]. However, the need
for methods to objectively assess the skills and competence of the surgeons has
become an important issue in the medical profession [7].
Examiners usually assess the technical skills of trainees using animal models as
they are the most realistic form of microsurgery training and assessment. However,
the availability of animal models to assess trainees is limited by their maintenance
costs. So, non-animal models can provide a cost effective arena in which funda-
mental skills of microsurgery can be acquired [10]. In recent years there have been
many attempts to develop alternative models for training. This has been necessary
because of the limited availability of animals and the ethical issues associated with
their use. Virtual-Reality simulators have many potential advantages in surgical
skill training. These include more opportunity for training with no risk to patient,
replication of activity [13], adjustment of degree of difficulty and the provision of
reliable feedback for both student and instructor. It also reduces resources and
ethical issues associated with animal-based training [14].
2
1.2 Medical Applications of Virtual Reality
Virtual reality [15–18] is a computer-generated technology which allows information
to be displayed in a simulated, but life-like, environment [19]. The interaction be-
tween the user and the virtual environment is basically limited to the three sensory
modalities of vision [20], tactile sensing [21], and audio [22]. Also, there are recent
developments towards adding olfactory stimuli to the virtual environments [23].
There are three major applications for virtual reality in surgery: virtual humans
for training, virtual telemedicine shared decision environments for training of mul-
tiple players, and the fusion of virtual humans with real humans for performing
surgery [19]. In this section, we review a small number of applications.
Virtual reality for surgical simulation and medical training began in the late
1980’s. In 1991, Satava [24] constructed the first abdominal-surgery simulator, us-
ing images of organs created in a simple graphics drawing program. This virtual
abdomen was created to teach medical students specific anatomic details of abdom-
inal organs and to instruct surgical residents in surgical techniques and operative
procedure. Delp and Rosen [25] created one of the first virtual-reality systems for
simulation of leg surgery. Their system was neither realistic nor highly interactive,
but the simulator provided the opportunity to practice a surgical procedure with
virtual instruments. In January 1995, Virtual HumanTM [26] was introduced at
the Medicine Meets Virtual Reality III conference [27]. The developers attempted
to build an automated virtual environment of the human musculoskeletal system.
This system could be used for both biomechanics and computer-aided instruction
applications. In 1995, a surgical simulator for hysteroscopy with a simple haptic
device was constructed by J. Levy [28]. This system used a simple haptic device for
the hysteroscopic instruments and imported patient anatomy and pathology. Now
for the first time, surgeons could practice on exactly the same virtual pathology
that they would encounter in their patient. In 1997, Playter and Raibert [29] have
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developed an interactive virtual reality surgical simulator using haptic feedback.
The surgical simulator was comprised of surgical tools with force feedback, a 3-
dimensional graphics visual display of the simulated surgical field, physics-based
computer simulations of the tissues and tools, and software to measure and evaluate
the trainee’s performance [30]. In 2006, Harders et al. [31] developed an immersive
training environment for hysteroscopy. Their system includes the surroundings,
haptic, visual and auditory feedback, surgical tools, and a virtual training scene
generation process. By increasing the sense of presence, their system was able to
improve the training outcome. In another work, John HU et al. [32] discussed the
effectiveness of haptic feedback for open surgery system and presented progress in
the development of an untethered haptic system by Energid Technologies.
In the past three decades, the use of virtual reality in medicine has been a hot
topic for research. All this interest has generated advances in hardware and software
and the discovery of several new applications. Research and development activities
are well summarised by the yearly Medicine Meets Virtual Reality meetings, (for
example see [33] and [34]).
1.3 Objectives
A suture assessment virtual reality system for microsurgical trainees, used to train
and assess the suturing skill based on the quality of the virtual sutures has been
developed at the National University of Singapore. This study uses the simulator
to measure and compare the skills of four groups of participants including surgeons
and medical students as trained groups and non- medical students and medical
staff as untrained groups. Also, we investigate the effects of needle shape on the
performance of the suturing task as five different shapes of needles were used in
this study. The measured parameters were: time to complete the task, distance
4
traveled by tool tip, smoothness of motion, tissue trauma, penetration and exit
angle in needle technique, relative distance traveled by needle compared to tool
and total grasp number for each suture pass. This work tested the hypothesis
that these proposed parameters could be used to differentiate between trained and
untrained subjects in a standardized microsurgical suture placement task using the
virtual-reality microsurgery model developed. In addition, we wanted to assess the
effect of various needle shapes on performance.
5
1.4 Organization
The thesis is organized as follows:
• Chapter 2 introduces the virtual reality suturing simulator used to assess the
suturing skills and explains the hardware setup and software environment.
• Chapter 3 describes the methods used in this study and discusses the exper-
imental protocol along with the study participants.
• Chapter 4 presents the metrics of performance evaluation used to quantify
the participants action and explains the measured parameters.
• Chapter 5 shows the result of the study containing the comparison of the sub-
jects performance and the effect of needle shape on individual performance.
• Chapter 6 discusses the result and the ability of the suturing simulator and
metrics of evaluation to differentiate between expert and naive subjects in a
standardized microsurgical suture placement task
• Chapter 7 gives the conclusions and recommendations for future works that






The suture assessment virtual reality system for microsurgical trainees as shown in
Fig. 2.1 comprises of:
• Dual Pentium Intel Workstation
• Display setup from ReachIn Technologies
• 6DOF Desktop PHANToM Haptic device from SensAble Technologies
• Crystal eyes stereo glasses





The display setup with the mirror arrangement allows hand-eye collocation and
the user is able to manipulate the virtual objects using the Phantom haptic device
which has six degree-of-freedom positional sensing. There are digital encoders in
the Phantom which sense the position along x, y and z axis and potentiometers
to measure pitch, roll and yaw in the stylus gimbal. According to the PHAN-
ToM Desktop Technical Specifications [35] the nominal position resolution of the
Phantom desktop is roughly 1100 dpi. i.e. 0.023 mm.
Figure 2.1: Hardware setup for virtual model
The environment consisted of a horizontal tissue membrane, virtual needles of
five different shapes and a needle holder. The operator interacts with this environ-
ment using a set of special visors allowing three-dimensional visualization of virtual
objects through a semi-transparent mirror on the display, and manipulation of the
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objects using a stylus. The monitor and mirror are mounted on the frame such that
the user looking on to the mirror is able to see the reflection of the image displayed
on the monitor. The Phantom desktop is a 6 degree-of-freedom (DOF) positioning
device. It is placed such that the stylus’s movement workspace is below the mirror.
This arrangement provides display of images appearing to be in the space right
below the mirror where the Phantom stylus is also located. The workstation dis-
plays stereo graphics with the help of wireless Crystal Eyes Stereo glasses and an
emitter. By making the image on the monitor inverted, the image reflected from
the mirror looks upright. This arrangement allows hand eye co-ordination, as the
user is able to interact with the objects in the scene where they appear to be using
the stylus. In addition to the 6 DOF positioning, the stylus can also be rotated
along its long axis. A conveniently placed button on the stylus provides additional
input like a mouse click. (See Fig. 2.2)
Figure 2.2: Using the stylus of the PHANToM with a conveniently placed button
to manipulate the virtual objects
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2.2 Software Environment
The software environment was developed using the Reachin API, custom classes
and objects. The virtual world consists of three objects: the stylus representing
the needle holder, the needle (5 different shapes), and the 2D surface representing
a tissue. The needle holder in the virtual display follows the real stylus in its
position, orientation and twist. The stylus is held much the same way as a needle
holder, and the index finger presses the button. When the tip of the stylus makes
contact with the needle and the button is held down, the needle is ‘grasped’ and
follows the stylus movements until dropped by releasing the button.
Needles are polyhedral objects constructed with a needle designer program,
imported into the scene graphics and made available to the simulator. The virtual
tissue is a translucent 2D surface that shows the needle through it. The surface has
a several-pixel-wide central gap (made of fully transparent pixels) that effectively
divides it into two parts (Fig. 2.3).
Figure 2.3: Video screen capture of model demonstrating the zero resistance mem-
branes represented in dark pink separated by a gap, which is represented by the
vertical black line. A needle is being passed through the membrane with entry and
exit holes being made in the membrane
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Custom classes handle interactions between needle holder and needle, and nee-
dle and tissue. When the stylus button is held down, collision detection decides if
the the needle is near the holder’s tip, and the holder should grasp it. Once grasped,
it follows the translation, rotation and twist of the holder. Twist is important, pro-
viding rotation of the needle along its own axis as the user pronates or supinates
the grasping hand’s wrist. Once the button is released the needle is ‘dropped’, and
the needle holder moves without it. The dropped needle returns to home position
if dropped while not touching the tissue: otherwise it stays unmoving.
We so define the interaction of the needle with tissue that the touched pixels
become transparent (like the gap) and the background color shows clearly. This
tissue is ‘unforgiving’, without tissue movement when the needle moves sideways,
that in latex simulation limits tearing. This was intended because in microvascular
surgery, visualization of damage is a more important cue than feeling of tissue
resistance. In the trial, the system tracks and measures the position, orientation,
current time and status of the needle at a rate of 60 Hz, and writes them to a





Experiments were implemented and analyzed to investigate if the suturing simu-
lator is able to measure the parameters relevant to the surgical suturing task and
distinguish the performance of the trained and naive group. The simulator is de-
scribed in Chapter 2 and in this chapter we explain the experiment task and study
participant. Furthermore, we propose the metrics and parameters to evaluate the
performance of the subjects.
3.1 Suturing Task
During a suturing attempt, the task is to grasp the needle using the needle holder
appropriately, bring it down to the tissue with the needle’s pointed end orthogonal
to the tissue, carefully pierce the right side tissue partition with the needle, surface
the tip at the left side by rotating the needle holder, release the grasp from the
needle, grasp the tip of the needle from the left side, pull it out and then release
the grasp.
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3.1.1 Segmentation to Subtasks
In our analysis, we segment the suturing process into several key subtasks in order
to do the comparison. These key tasks are:
• Bringing needle holder to the needle
• Grasping the needle
• Maneuvering the needle to bring to the tissue surface for tissue entry
• Entry and twist to bring needle to pierce at the other exit side
• Release and re-grasp at exit side
• Pulling out the needle and release
Our strategy for segmentation is based on the movement and scene parameters
to segment the data to subtasks. The schematic illustration of virtual elements can
be seen in Fig. 3.1
Figure 3.1: Schematic illustration of the virtual scene elements
The schematics of these subtasks can be seen in Fig 3.2.
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Figure 3.2: Key subtasks of the suturing task 1: Grasping the needle; 2: Positioning
the needle for tissue entry; 3: Inserting and twisting; 4: Release and regrasping the
needle; 5: Extracting the needle.
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3.1.2 Algorithm to Identify the Key Subtasks
The strategy of identifying the key subtasks in detail is as follows:
• Picking the needle is the attempt to reach for and grasp the needle when
the needle is at its home position. This subtask is distinguished by looking
at needle’s home position compared with stylus position with a threshold.
In addition, for grasping the needle we considered the lower threshold and
button status which must be clicked.
• Positioning the needle is the task of manipulating and orientating the needle
to pierce the tissue. Positioning the needle begins with the successful picking
of the needle and it ends with the successful piercing of the tissue on the right
side by the needle.
• Inserting the needle involves entering and twisting the needle into the tissue.
This subtasks starts when the needle tip enters the tissue and it ends when
the tip has exited from left side of the tissue.
• Release and re-grasp of the needle can be determined by looking at button
status. Side shift based on centre line of the tissue, button status and prox-
imity to tissue and needle are the criteria for re-grasping at exit side.
• Pulling out begins when the stylus moves over to the left side of the tissue
and grasps the needle. We considered the orientation change, button status
and upward movement to identify this subtask.
3.2 Experimental Protocol
A set of five suturing attempts will present all the five needles but in random order
to avoid learning bias. Completion of 5 sutures was defined as 1 trial. A typical
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evaluation session consists of 30 such suturing attempts. The task used in this
study was chosen to be a simple suture placement for the subjects involved.
Each subject followed the same protocol and tried the experiment in isola-
tion from other test participants. Prior to the start of the exercise, each subject
was instructed on the task and setup. Other than orientation to the equipment
and controls, no practice trials were allowed. The experiment was done using the
dominant hand.
3.3 Study Participants
The subjects, all right handed volunteers who gave informed consent, composed
four groups (Table 3.1). The first group consisted of four microvascular surgeons
from National University Hospital (NUH), Singapore, who routinely performed
microsurgery in their practice, with an average experience of seven years. Four
medical students who had undergone formal microsurgical training at NUH made
up another group of trained subjects. Groups of untrained subjects consisted of
six medical staff of the National University Hospital with Bachelor of Medicine,
and three non-medical students from the National University of Singapore without
microsurgical training or microsurgery experience. None of the subjects were as-
sociated with our research group or engaged with the design of the system. They
followed the same identical protocol and no payment or benefit was received for
participation in the experiments.
Prior to starting the exercise, each subject was instructed on the task and
setup. No practice trial was allowed, other than experiencing orientation to the
equipment and controls. The experiment was done under dominant hand. No
subject had prior experience of virtual reality or stereo glasses.
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Table 3.1: Participant Demographics
Medical Medical Medical Non-medical
Characteristics Surgeons n=3 Students n=3 Staff n=6 Students n=3
Average age 41.2 25.4 33.9 25.8
Prior microsurgery experience
or microsurgical training Yes Yes No No
Male gender 3/3 3/3 5/6 2/3
Right handed 3/3 3/3 6/6 3/3
Video game experience 0/3 1/3 1/6 2/3
Virtual reality experience 0/3 0/3 0/6 0/3





Performance of the suturing task was assessed with objective scores based on our
proposed metrics of evaluation which are thought to be related to the suturing
technique. The proposed parameters were decided after reviewing the literature
and discussing with practicing academic surgeons. From the surgeon’s point of
view, a good performance requires minimizing both the damage to the tissue and
time to complete the task while maintaining accuracy of the suture placement [30].
Here, we define these measured parameters, some of which can be found in the
literature [30] as indicators of suturing skill; however, we do not claim the validity
of these metrics as correct indicators of suturing technique. Our hypothesis is that
they might be good candidates to differentiate the trained and untrained groups.
4.2 Proposed Metrics




• Time to complete the task
• Grasp number
• Tissue tear size area
• Penetration and exit angle
• Tool motion
• Relative distance traveled by needle compared to tissue
The descriptions of these metrics are given below:
4.2.1 Tremor
Tremor is a rhythmic, involuntary muscular contraction characterized by oscillation
of a part of the body [36]. Physiological tremor is prevalent in normal people when
muscles are activated and it is thought to arise from the resonant oscillation of
a limb as a result of mechanical factors affecting it [37]. Tremor affects surgical
and especially suturing skills adversely [38]. Tremor Frequency of different parts
of hand is as follows: Normal elbow tremor has a frequency of 3-5 Hz [39], Wrist
tremor 8-12 Hz [40], and Metacarpophalangeal joint tremor 17-30 Hz [41]. Although
physiological tremor has been measured for a variety of body parts, the 8-12 Hz
component of finger tremor has received the most attention [40].
Physiological tremor is a complex oscillatory motion recorded as change over
time of the position, velocity, or acceleration of a body part [42]. An analysis
of this motion is simplified if the oscillation is considered as the sum of many
sinusoidal motions, each of which is described independently by a frequency and
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an amplitude. This method of spectral analysis has been particularly useful in the
study of tremors, as different sources of tremor contribute different frequencies of
motion.
We analyzed the data to look at tremor patterns during various sub tasks of
the suturing process. There have been studies in recent years on the use of signal
filtering for tremor attenuation, mainly dealing with pathological tremor [43–45].
Most of this work involves either finite impulse response linear equalizers trained on
tremor recordings [43], or linear low-pass or bandstop filtering approaches [44,45],
which aim to attenuate the full frequency band of tremor, while passing frequencies
below 1 or 2 Hz, which are assumed to be voluntary [46]. Linear filters are successful
in attenuating tremor in many applications, but their inherent time delay [47] is
a drawback in active noise control, with its demand for zero-phase compensation.
To quantify the tremor, we considered the displacement amplitude of the tremor.
Using Fast Fourier transformation(FFT), we converted the raw displacement data
into frequency domain to look at frequency content. The frequency profile of the
tremor was analyzed within the range of 0-30 Hz. As each tremor signal composed
of 2-3 individual components, separate frequency analyses were performed within
3 bandwidths 2-4, 4-8, 8-12 Hz.
4.2.2 Motion Smoothness
We address smoothness by analyzing the oscillations during motion. A second
order 2Hz-cutoff high-pass Butterworth filter of the position data retained only
the oscillations [46], which we quantified by the number of zero crossings and the
integral of absolute value, both normalized by the movement duration. The smaller
area and small number of zero crossings corresponds to a smoother movement [48].
Fig. 4.1 demonstrates the typical original position signal and the high-pass filtered
output.
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Figure 4.1: Position signal and the high-pass filtered output
4.2.3 Time
Based on surgical studies [49,50] the total time to complete the task or subtask is
an important parameter to look at. The idea is that skilled surgeon complete task
in a shorter time than unskilled. So, spending unreasonable time on suturing task
in operations shows lack of skill.
4.2.4 Grasp Number
Another parameter that we looked at is the average grasp number for each suture
pass, which is a measure of fine control and work efficiency.
4.2.5 Tissue Tear Size Area
The area of entry and exit tears in the membrane due to needle passage which
indicates the degree of tissue trauma. This is a valid indicator of surgical skill
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and it is one of the six items of global rating scales known as surgeon’s respect
for tissue [51]. Based on the global rating scale used by expert microsurgeons to
assess microsurgical performance, the novice trainees frequently cause damage to
tissue by inappropriate use of instrument while the competent trainees have careful
handling of tissue but occasionally causing inadvertent damage and clearly superior
surgeons consistently handle tissues appropriately with minimal damage [52,53].
4.2.6 Penetration and Exit Angle
Penetration and exit angle is the angle made by the tangent vector at the needle
tip to the plane of tissue surface at the point of tissue contact. Most of the senior
surgeons would agree that the ideal penetration angle is 90 degrees which theoret-
ically leads to minimum trauma to tissue [30]. (See Fig. 4.2). Moreover, rolling
the wrist plays an important role for proper suturing and this parameter attempts
to quantify this concept.
Figure 4.2: The ideal penetration angle is 90 degrees
4.2.7 Tool Motion
Tool motion is the total distance that the stylus tip travels during the entire su-
turing task. Shorter distance is more desirable indicating that the surgeons avoid
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unnecessary movements to perform the task. According to the global rating scale,
a poor trainee has many unnecessary or repetitive movements while the superior
trainee has a clear economy of movement and maximum efficiency [4]. This pa-
rameter attempts to address this observation.
4.2.8 Relative Distance Traveled by Needle Compared to
Tool
There are three subtasks where the needle and needle holder travel together as
the needle is grasped. Based on the data for needle tip position and also tool tip
position the ratio of distance traveled by the needle relative to the stylus were
found. The ratio of distance traveled by needle relative to tool tip is a parameter
which attempts to represent the change of orientation as the more one rotates the
stylus the more distance the needle travels. So, this parameter has the potential





The suture assessment virtual reality system for microsurgical trainees recorded
data for each participant at the time of each experiment. After completion of all
the experiments, the data files were processed and analyzed by MATLAB software
(v.R2006 a, The MathWorks, Natick, MA, USA). Students t-test were used to com-
pare between group differences. For comparing any two sets of data, the significance
of differences observed between conditions was assessed using Student’s t-test. p
values < 0.05 were considered as statistically significant. All the data were included
in analysis and no outlier data were discarded. To analyze the performance of each
subject, the suturing task were first segmented to five key subtasks as described
in 3.1 In all the results the key subtasks were referred by numbers from 1 to 5 as
presented in Table 5.1
We also wanted to assess the effect of various needle shapes on performance.
Five different shapes were used (Fig.5.1): Three conventional needle shapes (2/8,
3/8, and 4/8 circles), and two non-conventional needles combining curved and
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Table 5.1: Segmentation of suturing task to subtasks
Subtask Description
1 Picking the needle
2 Positioning the needle for tissue entry
3 Inserting the needle
4 Release and regrasp
5 Extracting the needle
straight segments. The two unconventional needles were used to study whether
needle familiarity conferred additional performance advantage to the trained group.
Figure 5.1: 5 different shapes of needles were used in this study. 1: 2/8 circle 2:
3/8 circle 3: 4/8 circle 4: J- shaped 5: Compound double radius
To compare the performance of the 4 groups, the mean and standard deviation
for each subject and each subtask were first calculated and then these averaged data
were compared. For analysis, we also normalized the performance of the subjects
for any of the parameters by dividing the values for each subtask to the mean value
of the overall task and compare the results.
5.2 Comparison of Subject Performances
The medical surgeons outperformed the other three groups in all the measured
parameters except for tremor and motion smoothness, but only two of these pa-
rameters were statistically significant compared to untrained group i.e. medical
25
staff and non- medical students. These two parameters were penetration and exit
angle and tear size area. The comparison of trained and untrained group perfor-
mance for any of the measured parameters is as follows:
5.2.1 Tremor
Data from 15 middle suture attempts out of 30 of the 4 groups of subjects were
analyzed to compute the mean value of displacement amplitude over the 3 typical
tremor signal component bandwidths: 2-4, 4-8, 8-12 Hz. Fig. 5.2
Figure 5.2: Comparison of the tremor amplitude between 4 groups of study at differ-
ent bandwidths. The figure legends MS, MST, MSTF and NMS stand for Medical
Surgeons, Medical Students, Medical Staff and Non-medical Students respectively.
The result suggests that the younger groups including medical and non- medical
students tend to have smaller tremor amplitude, but the observed differences were
not statistically significant.
Fig. 5.3 depicts normalized mean tremor amplitudes on performing subtasks
by medical surgeons at the bandwidth of 8-12 Hz. Bringing the needle holder to
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the needle and grasping the needle has the largest amplitude in both novice and
experienced subjects while tissue entry and twisting the needle has the least. The
latter involves much smaller movement of the fingers alone and that might have
caused the low tremor amplitude there. Other subjects had a similar pattern.
Figure 5.3: Comparison of the tremor amplitude at different subtask of the suturing
task
5.2.2 Motion Smoothness
Using the number of zero crossing method to quantify the smoothness, statistically
significant differences were found between the medical students and medical staff
and also between medical students and medical surgeons (See Fig. 5.4 to 5.8). Also,
the non-medical students had less number of zero crossings of position compare to
surgeons and staff but the difference was not significant. The results suggest that
the younger groups including medical and non-medical students tend to have a
smoother motion than the older groups.
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Figure 5.4: The normalized zero crossing of position for 2/8 circle needle,where the
less numbers indicate smoother motion. *p<0.05
Figure 5.5: The normalized zero crossing of position for 3/8 circle needle,where the
less numbers indicate smoother motion. *p<0.05
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Figure 5.6: The normalized zero crossing of position for 4/8 circle needle, where
the less numbers indicate smoother motion. *p<0.05
Figure 5.7: The normalized zero crossing of position for J-shaped needle where the
less numbers indicate smoother motion. *p<0.05
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Figure 5.8: The normalized zero crossing of position for compound double radius
needle, where the less numbers indicate smoother motion. *p<0.05
Similar result was obtained using the second approach i.e. the integral of the
absolute value after high-pass filtering support the obtained result. The smaller
area indicates smoother movement.
Looking at the standard deviation of the smoothness is also interesting. The
result clearly indicates that the young group has a significantly smaller deviation
than the old group comprising of surgeons and medical staff. The standard devia-
tions of the absolute integral after high-pass filtering of the position are shown in
Fig. 5.14- 5.18.
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Figure 5.9: The normalized integral of the absolute value after high-pass filtering
for needle 2/8 circle, where the less area indicates smoother motion.
Figure 5.10: The normalized integral of the absolute value after high-pass filtering
for needle 3/8 circle, where the less area indicates smoother motion.
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Figure 5.11: The normalized integral of the absolute value after high-pass filtering
for needle 4/8 circle, where the less area indicates smoother motion.
Figure 5.12: The normalized integral of the absolute value after high-pass filtering
for J-shaped needle, where the less area indicates smoother motion.
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Figure 5.13: The normalized integral of the absolute value after high-pass filtering
for compound double radius needle, where the less area indicates smoother motion.
Figure 5.14: Standard deviation of the absolute integral after high-pass filtering for
needle 2/8 circle
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Figure 5.15: Standard deviation of the absolute integral after high-pass filtering for
needle 3/8 circle
Figure 5.16: Standard deviation of the absolute integral after high-pass filtering for
needle 4/8 circle
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Figure 5.17: Standard deviation of the absolute integral after high-pass filtering for
J-shaped needle
Figure 5.18: Standard deviation of the absolute integral after high-pass filtering for
compound double radius needle
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5.2.3 Time
The total time to complete each trial based on the type of the needle was computed.
Each subject completed 30 trials i.e. 6 trials per needle in total. Our hypothesis
was that the trained group will complete the experiment significantly faster than
the untrained group. However, this is not supported as the p values did not show
any statistically significant difference between the 4 groups for any of the needle
types. Also, to complete any of the 5 phases of suturing task, no statistically
significant differences were observed. For any of the 5 needles, the results for time
analysis can be seen in Fig. 5.19- 5.23.
However, by looking at the standard deviation of these groups, the novice
groups composed of medical staff and non- medical students had significantly wider
standard deviation than surgeons. See Fig. 5.24 - 5.28.
Figure 5.19: Average time taken to complete the subtasks and overall task for 4
groups of participants for needle 2/8 circle.
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Figure 5.20: Average time taken to complete the subtasks and overall task for 4
groups of participants for needle 3/8 circle.
Figure 5.21: Average time taken to complete the subtasks and overall task for 4
groups of participants for needle 4/8 circle.
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Figure 5.22: Average time taken to complete the subtasks and overall task for 4
groups of participants for J-shaped needle.
Figure 5.23: Average time taken to complete the subtasks and overall task for 4
groups of participants for compound double radius needle.
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Figure 5.24: Standard deviation of time taken to complete the subtask and overall
task for needle 2/8 circle
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Figure 5.25: Standard deviation of time taken to complete the subtask and overall
task for needle 3/8 circle
Figure 5.26: Standard deviation of time taken to complete the subtask and overall
task for needle 4/8 circle
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Figure 5.27: Standard deviation of time taken to complete the subtask and overall
task for J-shaped needle
Figure 5.28: Standard deviation of time taken to complete the subtask and overall
task for compound double radius needle
41
As can be seen from Fig. 5.24 - 5.28, for all the needle types, the deviation of
the duration of untrained group is significantly wider than the trained group for
subtasks 3 and 4 i.e. inserting the needle and releasing and regrasping. Also, for
overall task the differences across needles 1 to 4 except for unconventional double
radius needle were significant.




No statistically significant difference between any of the groups was found in the
number of grsap attempt made for each suture pass. Fig.5.30 presents the compar-
ison of the average grasp number between the study participants.
Figure 5.30: Average grasp number for each suture pass
5.2.5 Tissue Trauma
Statistical significance was reached for entry and exit tear size in the 4/8 needle (p
values are 0.018 and 0.032 respectively) and exit tear size in the J-shaped needle
(p= 0.024). Although for the other needles the differences were not significant,
both surgeons and medical students outperformed the novice groups in causing
less damage to the tissue. Fig. 5.31 and 5.32 shows the average entry and exit tear
size area across 5 types of needle for the 4 groups of study.
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Figure 5.31: The average entry tear size area across 5 types of needle for the 4
groups of study. *p<0.05
Figure 5.32: The average exit tear size area across 5 types of needle for the 4 groups
of study. *p<0.05
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5.2.6 Penetration and Exit Angle
Trained subjects (i.e., surgeons and medical students) differed significantly from
untrained subjects (staff and non-medical students) in the behavior while manip-
ulating the needle. Namely, the entry and exit angle was significantly larger in
trained as in untrained subjects in all needles but the unconventional double ra-
dius needle (See Fig. 5.33 and 5.34). It is also interesting that no significant
differences were reported among the subjects in the same group. The ideal needle
path is to penetrate the tissue in a perpendicular manner. By merging the trained
and untrained subjects the comparison of the entry and exit angle can be found in
Fig.5.35
Figure 5.33: The needle tangent vector and the tissue’s normal vector at the pene-
tration point of tissue
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Figure 5.34: The needle tangent vector and the tissue’s normal vector at the exit
point of tissue




The traveled distance at any of the 5 subtasks of the suturing task were computed
and the result for trained and untrained subjects and also their comparisons are
plotted in Fig.5.36-5.40 based on the needle type. No statistically significant dif-
ferences were detected between any of the groups for this measured parameter.
Figure 5.36: Comparison of distance traveled by tool tip using needle 2/8 circle
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Figure 5.37: Comparison of distance traveled by tool tip using needle 3/8 circle
Figure 5.38: Comparison of distance traveled by tool tip using needle 4/8 circle
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Figure 5.39: Comparison of distance traveled by tool tip using J-shaped needle




In three subtasks the needle and needle holder travel together: positioning the
needle for needle entry, inserting and twisting the needle, and extracting it. No
significant change of orientation was detected in the positioning task (Fig. 5.41).
However the untrained subjects needed more change of orientation than the trained
subjects in the insertion, and less in the extraction. These two subtasks are impor-
tant phases of suturing task where the entering, twisting and extracting the needle
from tissue are done.
Figure 5.41: Ratio of the distance traveled by needle relative to tool tip
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5.3 Effect of Needle Shape on Individual Perfor-
mance
We wanted to assess the effect of various needle shapes on performance. To com-
pare the effect of needle shape on performance, data for each of the five needles
were grouped together and averaged out. We analyzed the effect of needle on per-
formance for tear size, grasp number, penetration and exit angle, smoothness and
timing by taking the average scores for any of the conventional and unconventional
needles.
5.3.1 Tremor and Motion Smoothness
The result suggest that the needle shape does not affect tremor and motion smooth-
ness in virtual reality manipulation as almost no difference was observed for any
of the subtasks or overall task across the different needles for any of the groups.
The normalized number of zero crossing of position data for any of the groups with
respect to 5 needle shapes are presented in Fig. 5.42- 5.45.
5.3.2 Time
For all of the groups, the 4/8 circle needle took the longest time to complete
the task. So, we performed a time analysis by normalizing it with respect to
the maximum time taken to complete the task. The result after normalization is
shown in Fig. 5.46 indicating statistically difference between J-shaped needle and
4/8 circle and also between 4/8 circle and 3/8 circle. In fact, all the subjects tend
to do the experiment faster using J-shaped needle.
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Figure 5.42: The effect of needle shape on smoothness for Medical Surgeons
Figure 5.43: The effect of needle shape on smoothness for Medical Students
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Figure 5.44: The effect of needle shape on smoothness for Medical Staff
Figure 5.45: The effect of needle shape on smoothness for Non- medical Students
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Figure 5.46: The effect of needle shapes on task duration *p<0.05
5.3.3 Grasp Number
There is a similar pattern to tear size area for grasp number. Again, it took more
grasp number for all the groups to complete the suture with 4/8 circle needle. After
that, the double radius needle required more grasps but still the J- shaped required
the minimum. However, the differences were not statistically significant. Fig. 5.47
presents the effect of needle shape on grasp number for any of the 4 groups.
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Figure 5.47: The effect of needle shape on grasp number
5.3.4 Tissue Tear Size Area
With respect to tear size area and for both entry and exit side, the 4/8 circle needle
and compound double radius needle caused the largest amount of tear size area for
all the subjects. The J- shaped needle seemed to be an easiest needle to manipulate
as it caused the least tear size area relative to the other needles. The result for any
of the groups and for entry and exit side can be seen in Fig. 5.48- 5.54.
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Figure 5.48: The effect of needle shape on entry tear size area for Medical Surgeons.
Figure 5.49: The effect of needle shape on entry tear size area for Medical Students.
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Figure 5.50: The effect of needle shape on entry tear size area for Medical Staff.
Figure 5.51: The effect of needle shape on entry tear size area for Non- medical Students.
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Figure 5.52: The effect of needle shape on exit tear size area for Medical Students.
Figure 5.53: The effect of needle shape on exit tear size area for Medical Staff.
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We would like to determine if the suture assessment virtual reality system can mea-
sure suturing skill. There are two important issues regarding this: First, we need to
consider the degree of reality of the system as sufficient realism is required in order
to reflect the actual surgical procedure. Another important issue is the accuracy of
the proposed criteria for objectively assessing surgical skills. If the realism of the
surgical simulator is adequate and the measurement criteria are suitable then it is
reasonable to expect that the trained and untrained group perform differently on
the simulator.
This study assessed whether our suture assessment virtual reality system has
the ability to differentiate between expert and naive subjects in a standardized
microsurgical suture placement task, and whether the simulator has the ability to
measure corresponding technical skill. Another important issue was to determine
whether the proposed performance metrics are suitable to reflect and estimate the
technical skills.
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6.1 Tremor and Smoothness
Tremor affects the suturing attempt in a virtual setup differently at different sub-
tasks of the suture. The suture grasping showed the most tremor. Early and late
sutures did not show significant difference indicating a limited training would not
improve tremor. The detected differences in smoothness or the amount of oscil-
lations appear to stem from the subjects age factor. Medical and non-medical
students were younger than surgeons and staff and one expects that the younger
groups perform better in a dexterity task [54]. There is evidence that physiological
tremor tends to increase with age and this is likely to have affected smoothness
during manipulation [55]. However, micromanipulation skill in the tested virtual
reality suture appeared to not depend directly on the amount of oscillations. De-
spite a larger amount of oscillations, surgeons were able to perform at least as
well as the younger medical students, by measures such as time, shear size and
penetration angle.
6.2 Time and Performance
The time to complete the task was smaller in the surgeon group, but the difference
was not significant. In previous studies, time to complete the suturing appeared to
be a sensitive measure of motor skill in microsurgery [56]. However, in our study
the completion time was similar in all groups. One possible explanation of why
the trained group did not outperform the naive group at a significant level for this
factor is that the task used in this study was simpler than actual suturing including
knot tying, which is more complex. However, with respect to standard deviation
of time, the untrained group showed significantly larger deviation, in particular
in subtasks 3 and 5, which are the most important phases of the suturing task.
These subtasks involve entering and twisting the needle and finally extracting the
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needle from the tissue. A smaller deviation indicates better repeatability, which is
important for successful and reliable performance. The simplicity of the task may
have also contributed to the lack of statistical significance in difference in grasp
number or travelled distance.
6.3 Angle and Tissue Trauma
The results of this study showed that our system is able to differentiate well trained
from untrained subjects using the penetration and exit angles. Trained subjects had
a significantly closer penetration and exit angles to the ideal orthogonal angle than
untrained subjects. Further, no significant difference was detected between the sur-
geons and medical students groups, nor between the staff and non-medical students
groups, which indicates that the difference is really due to the trained/untrained
factor. The results also confirmed the relationship between the amount of tear
size area and angle error. Trained subjects who passed the needle through the
tissue with a closer angle to the ideal orthogonal angle caused less trauma than
the untrained subjects who passed the needle more flat than perpendicular to the
surface of the tissue. This study showed that our system was sensitive enough to
demonstrate this relationship.
As expected, the unconventional double radius needle caused the largest tear
size on the entry side. However, the 4/8 circular needle caused larger tear size in
the exit.
6.4 Orientation Change
Twisting the wrist is an important aspect of suturing. By looking at the ratio
of distance traveled by the needle relative to tip tool, significant differences were
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observed in subtasks 3 and 5 between trained and untrained subjects. At subtask 3,
when the inserting and twisting was done, the untrained group had a significantly
larger ratio, i.e. more orientation change, than the trained group. This may be due
to their wrong approach towards grasping the needle and also choosing a flat angle
to penetrate the tissue. Therefore, they have to put more effort towards twisting
their wrist to make a successful entry. However, it seems they were unaware of
the importance of the extracting phase. This subtask involves pulling out the
needle while following trajectory of the needle. Hence, it requires more change of
orientation. But, the untrained group had significantly smaller ratio than trained
group indicating less attempt to twist the wrist, which likely resulted in larger tear
size at the exit.
6.5 Notable Features of the System
There are several notable features of this system. The membrane through which
the needle had to be passed was deliberately programmed to have no resistance.
This magnifies errors in needle handling, allowing immediate and unambiguous
feedback to the operator. This has obvious advantages to the learner in the training
situation. The absence of resistance also prevents the trainee from using tissue
resistance to assist in needle placement and encourages more reliance on visual cues
which are important aspects of microsurgical skill acquisition. The model allows
the design of various virtual needle shapes. In this study, 3 conventional shaped
needles (2/8, 3/8 and 4/8) were chosen with the addition of two unconventional
needle shapes that were unfamiliar to the microsurgeons.
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Chapter 7
Conclusion and Future Work
7.1 Conclusion
The main thrust of this study was to examine the ability of the virtual reality
simulator to measure the construct of technical skill. The fairly simple task of
suture placement was chosen and we examined performance of the 4 groups of
participant. The measurement criteria for objectively assessing suturing skills were
proposed which were integral to the surgical simulator.
Although the chosen task used in this study was simpler than the actual sutur-
ing task, the simulator differentiated well between experienced and inexperienced
subjects. The main parameters — motion smoothness, tissue trauma, penetration
angle and the orientattion change — may be used in future to promote learning of
microsurgical tasks. One possible explanation for the better performance of the ex-
pert groups is that their suturing skills and knowledge applied well to the suturing
simulator and boost their performance in the virtual setup.
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7.2 Future Work
This thesis opens up some interesting directions for further investigation. In an
effort to increase the realism of the simulation, more works needs to be carried
out particularly in developing the computer graphics of the simulator. In addition,
real time simulation of the knot tying and soft tissue modeling of the deformable
objects in suturing task can increase the reality of the system. Providing haptics
and force feedback as an important part of virtual reality simulator and can offer
invaluable feedback for certain surgeries. Although haptic feedback is negligible in
real microsurgery, its potential as a hyper-real cue in learning can be investigated.
The system can be developed to meet training and assessing other skills and
applications like cutting, dissection, ablation, tumor removal and other surgical
operations.
Additional experiments with wider range of subjects can be implemented to
address the issues about the ability of the virtual reality simulator to teach the
technical skills. Furthermore, other aspects of training like changes in performance
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